Isothermal wüstite transformation of thermally-grown FeO scale formed on 0.048 mass% Fe at 948 K for 180 s and annealed at 673, 723 K, and 773 K in air was studied in situ by synchrotron radiation. Wüs-tite transformation initiated right at the beginning of isothermal heating, either by the formation of a new phase of meta-stable iron-rich wüstite (at 673 and 723 K) or by direct transformation to magnetite (at 773 K). At 673 K, iron-rich wüstite replaced the parent wüstite thoroughly, and then transformed to magnetite and metal iron. At 723 K, formation of the iron-rich wüstite started as well, but the reaction was interrupted and was replaced by a gradual enrichment reaction of iron in both the parent and the iron-rich wüstite phases. Consumption of the parent wüstite and generation of magnetite accompanied. Wüstite transformation to generate magnetite and metal iron at 673 and 723 K was only possible for the iron-rich wüstite. At 673 and 723 K, incubation time was needed to initiate transformation of meta-stable iron-rich wüstite to magnetite and metal iron. Reaction to form the iron-rich wüstite from the parent wüstite was much easier. Tranformation of the iron-rich wüstite to magnetite and metal iron is considered a root cause for the formation of the lamellar structure and the magnetite seam in the scale. The transformation can well be interpreted from the analogy of the formation of the pearlite structure in steels.
Introduction
Transformation of thermally grown wüstite to magnetite and metal iron, which occurs at below 843 K (570°C) 1) in slow cooling-rate conditions, has attracted concerns since the transformation can affect the chemical descaling performance as well as the mechanical scale adherence of steel products. was examined for isothermally annealed wüstite scale at below 843 K. 2, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The rate of this eutectoid reaction was reported the fastest at 673-753 K (400-480°C); it may depend on the scaling temperature, composition of the parent FeO, etc. According to the literature, incubation time of 100 s and more was required to start the reaction. 2, 6, 9, 10, 12, 13) Isothermal transformation temperature and possibly the prior scaling temperature affected the incubation time. Transformation of a bulk FeO (free from the base metal) was studied by Chaudron and his coworkers at below 843 K. [4] [5] [6] They indicated that the rate of transformation had a maximum at 753 K (480°C), 4) and the liberated iron dissolved in the remaining FeO and increased its lattice constant. 5) Fischer et al. proposed a reaction sequence for the transformation of thermally grown wüs-tite on steel, based on experiments using a "bulk" wüstite. 7) The eutectoid reaction (or transformation of wüstite) was reported to proceed by the following two steps:
..... (2) ........ (3) Precipitation of magnetite results in the first stage with the formation of a meta-stable iron-rich Fe 1-y O. Then, transformation of the iron-rich Fe 1-y O to magnetite and metal iron proceeds in the second stage. Formation of the iron-rich wüstite was suggested to occur at the beginning of the isothermal transformation at 453-773 K (180-460°C), followed by the precipitation of α-Fe. 7) According to Hoffmann, 1-y of Fe 1-y O in Eq. (2) equals 0.975 at 723 K (450°C), and 0.990 at 623 K (350°C). 8) Upon rapid cooling, X-ray diffraction peaks of wüstite split into two and a new phase having a greater lattice constant emerged. This phase was consid- 2) Nucleation and growth of magnetite and metal iron in the wüstite scale was suggested as a possible mechanism for the reaction.
11) Baud et al. tried to explain the formation of a Fe3O4 film (magnetite seam) which appears at the metal-wüstite interface at the 748-648 K (475-375°C) transformation. 12) Formation of the magnetite seam was interpreted to result from the pro-eutectoid reaction at the metal/scale interface (a reaction occurring at above the eutectoid temperature of 843 K), which results in an oxygen enrichment of the initial wüstite phase. Transformation of the oxygen-rich wüstite to magnetite and metal iron was reported much easier and faster than the iron-rich wüstite. Gleeson et al. examined the isothermal transformation of thermally grown wüstite formed on a commercial 0.04 mass%C mild steel at 1 173 K in air for 100 s. 13) At temperatures down to 723 K (350°C), the isothermal transformation was reported to initiate by a primary (pro-eutectoid) Fe3O4 precipitation, followed by a lamellar Fe + Fe3O4 growth. At 543 K (270°C), direct transformation from FeO to granular mixture of Fe + Fe3O4 resulted. Formation of the pro-eutectoid Fe3O4 was attributed to the faster nucleation rate of Fe3O4 than of α-Fe, since changes in the volume free energy ΔGv of Fe3O4 was estimated greater than that of α-Fe. Chen and Yuen showed an oxide-scale map of hot-rolled steel for various coiling and cooling conditions. 14) Tanei and Kondo examined the influence of the initial scale structure on the wüstite transformation in N2.
15) Wüstite transformation of a duplex wüstite/magnetite scale proceeded at the wüstite-magnetite interface, whereas that of a single wüstite scale took place at the wütite-metal interface. The latter transformation resulted in the formation of the magnetite seam.
The purpose of this study was to examine the isothermal transformation of thermally-grown wüstite scale by the synchrotron radiation technique. This technique enables in-situ X-ray time-resolved measurements of the volume and the lattice spacing changes of the relevant phases of wüstite, magnetite, and metal iron continuously. Zhang et al. applied this technique to measure the eutectoid temperature of wüs-tite under high pressure conditions of 1.93 GPa. 16) In this study, reaction sequence of the isothermal transformation at 673-773 K (400-500°C) of a thermally-grown wüstite scale at 948 K (675°C) was investigated in air.
Experimental Procedures
A "pure" carbon steel containing 0.048 mass% carbon was tested. The steel contained impurity elements of 0.01% silicon, 0.01% manganese, and 0.001% sulfur. Phosphorous content was below 0.001%. Steel plate of 20 mm thickness, 90 mm width, and 300 mm length was heated at 1 273 K and then air-cooled. The grain size of the steel was around 40 μm.
Round pellet specimens, the diameter and the thickness of which were 20 mm and 2 mm, were cut from the slab and their surfaces were prepared by wet-polishing with an emery paper of 1 000 grit. After degreasing by acetone, specimens were fixed on a heating stage of Anton Paar DHS1100. Type R thermocouple was spot-welded at the edge of each specimens and its temperatures were monitored continuously. Specimens were exposed to laboratory air throughout the tests. Measurements were performed at the beam line BL19B2 in the SPring-8 photon source at Japan Synchrotron Radiation Research Institute. An incoming X-ray beam of 28 keV energy and a spot size of about 1 mm × 1 mm irradiated the specimen surface at an incidence angle of 6°, and penetrated the oxide film of 12-16 μm thickness. Quarter circles of Debye -Scherrer diffraction rings from all diffracting planes accessible in the experimental geometry are recorded in every 30 s by a two-dimensional pixel detector of Piratus 2M. The angle ψ between the sample normal and the x-ray scattering vector of this geometry was from 36 to 93°. Diffraction rings obtained for the 723 K experiment are shown in Fig. 1 for an example. By a calibration using LaB6 crystal, camera length of 608.73 mm was obtained for this setting. The diffraction pattern can reveal the oxide phases that are present during oxidation, cooling, and isothermal transformation. Diffraction rings corresponding to FeO (200), Fe3O4 (400), and α-Fe (110) were cut out from the background by using the fit2d program 17) and the signal strengths of respective diffraction rings were integrated for the ψ angle between 77.7 and 91.7 degrees. These were used to represent the volume fraction of each phase. Specimens were heated at 948 K (675°C) for 180 s in laboratory air and then cooled down to 673, 723, and 773 K (400, 450, 500°C) respectively. They were maintained at these temperatures in air until the wüstite transformation terminated. The heating rate of the specimen was approximately 87 K/min, and the cooling rate from 948 K to 673-773 K was 75 K/min. Specimens after the measurements were cut in halves and were examined by an optical microscope.
Results
X-ray diffraction peaks of wüstite (200), magnetite (400), and iron (110) planes for various transformation stages are shown in Fig. 2 for the 673, 723, and 773 K measurements. The wüstite (200) diffraction peak split into two at an early stage of the 673 K transformation, suggesting formation of a new "fresh" wüstite phase in the scale. At 723 K, diffraction peak-broadening and shifting were noticed for the corresponding peak upon transformation. Since the broadened diffraction peak showed an apparent asymmetry, the peak- broadening behavior was suggested to have resulted from the formation of a new "fresh" wüstite phase of different lattice constant, as was suggested by Shiraiwa and Matsuno.
2)
Therefore, peak profiling was conducted for the respective diffraction peaks to obtain the angles and the integrated intensity of the diffraction peaks by using the Vogit function. The diffraction angle 2θ and the integrated intensity of the wüstite phase ( (200) of FeO) were plotted as a function of time from the beginning of the isothermal transformation at 673 K and shown in Fig. 3 . Clearly, a new fresh wüstite phase, the 2θ angle of which was less than the parent wüs-tite, became noticeable right after the onset of the isothermal heating at 673 K. This fresh wüstite existed until the end of the transformation. The "incubation time", required to initiate the wüstite transformation, 2, 6, 10, 12, 13) was not prominent for the 673 K transformation. The fresh wüstite had a greater lattice constant than the parent wüstite, suggesting that the fresh wüstite is enriched with iron compared to the parent wüstite.
18) The intensity of the fresh wüstite increased with time while that of the parent wüstite decreased accordingly. This suggests that transformation from the iron-deficient parent wüstite to the iron-rich fresh wüstite occurred from the beginning of the transformation. At about 800 s, the parent wüstite totally disappeared. Then, the fresh wüstite started to decrease with time, and the transformation terminated at around 1 400 s from the start of the isothermal heating. Hence, the isothermal transformation of the thermallygrown wüstite at 673 K is considered to have proceeded in two stages: formation of an iron-rich fresh wüstite, and transformation of the fresh wüstite to magnetite and metal iron. At half the way of the first stage, diffraction angle 2θ of the parent wüstite started to decrease, suggesting that iron enrichment of the parent wüstite initiated, probably through liberating magnetite. The diffraction angle 2θ and the integrated intensity of α-iron ((110) of α-Fe) and magnetite ((400) of Fe 3 O 4 ) phases were plotted as a function of time and are presented in Fig. 4 . Before the isothermal heating at 673 K, significant decrease in metal-iron intensity was indicated. This is expected to have attributed to the growth of the oxide scale on the surface of the specimen, which would decrease the X-ray intensity from the base metal. At the first stage of the transformation, the intensity of magnetite increased gradually with time, with few changes in its lattice constant. At the second stage of the transformation, metaliron intensity started to increase, suggesting precipitation of metal iron in the scale. As will be shown later, this would have resulted in the formation of a lamellar structure in the scale. The transformation behavior observed for the 673 K experiment was similar to the one reported by Fischer et al., in which generation of an iron-rich wüstite precedes transformation of wüstite to magnetite and metal iron. 7) Isothermal transformation of the wüstite scale at 723 K (450°C) exhibited several stages, which was different from the 673 K transformation. This is shown in Figs. 5 and 6. First, a new fresh wüstite phase generated right at the beginning of the transformation, and replaced the parent wüstite to some extent. However, the replacement reaction continued for only about 500 s, leaving the parent wüstite remaining in the scale thereafter. The intensity of the parent wüstite continued to decrease, while the fresh wüstite maintained its intensity until around 2 830 s. Relatively long coexistence of the parent and the fresh wüstite was characterized for the 723 K transformation. At about 2 000 s, metal-iron intensity started to increase, suggesting transformation of the parent wüstite to magnetite and metal iron. This will be explained later. At 2 830 s, transformation of the fresh wüstite initiated, with liberating metal iron. Decrease of both the fresh and the parent wüstite ensured, till the end of transformation at 4 400 s. It should be pointed out that the lattice constants of both the parent and the fresh wüstite continued to increase with time after 500 s, indicating enrichment of iron in both the parent and fresh wüstite phases. The 773 K (500°C) transformation was rather simple. Formation of the new fresh wüstite phase was not indicated during the course of the transformation, as is shown in Fig.  7 . Transformation proceeded with decreasing the amount of the parent wüstite with increasing magnetite (Fig. 8) . Transformation terminated at 3 400 s. Just before the termination of the transformation at 3 000 s, precipitation of metal iron initiated. For the 773 K transformation, lattice constant of the parent wüstite did not alter and stayed generally constant throughout the transformation.
Optical micrographs of the cross section of the iron oxide scale after the 673, 723, and 773 K transformation are shown in Fig. 9 . A lamellar structure consisting of metal iron and magnetite was noticed for the oxide scales of the Different from the reported TTT curves of the wüstite transformation, 2,6,9,10,12,13) the parent wüstite started to react right from the beginning of the isothermal heating. Formation of magnetite accompanied as well. The ageing time to terminate the isothermal wüstite transformation was 1 400 s at 673 K, 4 400 s at 723 K, and 3 400 s at the 773 K experiments. The time-temperature transformation curve for the termination of the reaction exhibited an "inverse" C-shaped one with a nose at 723 K. This was different from the diagrams reported so far in the literature. 
Discussion
Formation of an iron-rich fresh wüstite resulted from the beginning of the isothermal transformation and replaced the parent wüstite at 673 and 723 K. At 773 K, formation of the fresh wüstite was not indicated and the parent wüstite transformed directly to magnetite. Metal-iron precipitation started rather late: upon total consumption of the parent wüstite (at 673 K), at half the way of the transformation (at 723 K), and at the final stage of the transformation (at 773 K). Early formation of the fresh wüstite at 673 and 723 K, and the late precipitation of metal iron must be pointed out to characterize the isothermal transformation of the wüstite scale. Formation of a lamellar structure, consisting of magnetite and metal iron, was indicated to result in accordance with the transformation of the iron-rich fresh wüstite, which took place at the later stage of the transformation. The magnetite seam, reported to form at the scale/metal interface, 12) was evident for the scales of the 673 and 723 K transformation. This was not apparent for the scale of the 773 K transformation. The magnetite seam can have originated from the formation and/or transformation of the iron-rich fresh wüs-tite.
The wüstite transformation observed in this study can be interpreted from the model proposed for the pearlite formation in steels, 19) since both are categorized as a eutectoid reaction. This is schematically shown in Fig. 10 . Upon supercooling from the eutectoid temperature of 843 K (570°C) to 723 K (450°C) for example, an iron-rich wüstite (oxygen concentration of point A in Fig. 10 ) is favored at areas in contact with the magnetite scale. Therefore, formation of a meta-stable iron-rich wüstite, named the fresh wüs-tite in this study, resulted probably at the outer region (facing thermally-grown magnetite layer) of the wüstite scale at 723 K. An "iron-deficient" wüstite (point B in Fig.  10 ) is likewise favored at areas contacting the metal substrate. Therefore, at the initial stage of the isothermal transformation, there must be some driving force for the wüstite scale to generate a new phase of iron-rich wüstite at areas contacting thermally-grown magnetite scale. This reaction is presumed to occur at the outer region of the parent wüstite scale. Indeed, the reaction took place for the 673 and 723 K transformation, and formation of a new meta-stable ironrich wüstite resulted from the very beginning of the transformation.
Note that the oxygen concentration of the iron-deficient wüstite (point B in Fig. 10 ) lies in the range of the parent wüstite composition, whereas that of the iron-rich wüstite is located far from it, especially at 673 and 723 K. Therefore, the parent wüstite in contact with the base metal needs a minor compositional change to accommodate its composition, while quite a lot of compositional changes are required for the parent wüstite to adopt its composition to that of the fresh wüstite. At 773 K, formation of the fresh wüstite was not indicated. This might be attributed to the low driving force of the reaction. Difference in the oxygen concentration between the fresh and the parent wüstite is not so large at 773 K (see Fig. 10 ).
Reactions of the parent wüstite to form an iron-rich and iron-deficient wüstite can be expressed as follows 7) ........ (2) ... (4) Formation of the iron-rich wüstite would result in liberating magnetite, whereas that of an iron-deficient wüstite should accompany metal iron precipitation in the scale. Transformation of the iron-rich wüstite to magnetite and metal iron can be expressed as 7) .... (3) The current study has demonstrated that the formation of a meta-stable iron-rich wüstite from the parent wüstite (Eq. (2)) precedes transformation of wüstite to magnetite and metal iron at 673 and 723 K. Formation of the iron-rich wüs-tite took place first. It should be pointed out that transformation of the wüstite scale to magnetite and metal iron occurred only for the iron-rich wüstite, and not for the irondeficient parent wüstite at 673 and 723 K. This was derived from the fact that decomposition of the parent wüstite did not accompany any formation of metal iron at these temperatures (see Figs. 3-6 ). Therefore, it seems to be reasonably legitimate to state that the transformation of the parent wüs- The 673 K transformation started by the "type I" reaction (Eq. (2)). The iron-deficient parent wüstite was completely converted to the iron-rich fresh wüstite. Similarly, the 723 K transformation initiated by the "type I" reaction, but the "type II" reaction (Eq. (5)) replaced the "type I" reaction at 500 s and ensued until at 2 000 s. Then, transformation of the parent wüstite, which became now iron-rich, started. At 2 830 s, transformation of the fresh wüstite to magnetite and metal iron initiated. Again, transformation of the irondeficient parent wüstite was only possible through these intermediate reactions which resulted in an enrichment of iron in the parent wüstite at 673 and 723 K.
It should be pointed out that some activation energy seems to be needed at 673 and 723 K to initiate the transformation of the meta-stable iron-rich wüstite to magnetite and metal iron (Eq. (3)). Indeed, incubation time was needed to initiate the transformation at both temperatures, since metal-iron precipitation occurred in the latter half of the transformation. In contrast, transformation of the iron-deficient parent wüstite to the iron-rich fresh wüstite proceeded relatively easily. This was consistent with the literature that transformation of the iron-rich wüstite occurred much slowly than the iron-deficient wüstite. 20, 21) It is interesting to note that the fresh wüstite replaced the parent wüstite thoroughly at 673 K, while the parent wüstite was not "consumed up" but maintained its stability till the end of the transformation at 723 K. This might relate to the different driving force of the transformation. The 673 K transformation certainly has much greater driving force than the 773 K transformation, and hence the parent wüstite could change its composition by nucleating a new fresh iron-rich wüstite phase completely at 673 K. On the other hand, this was not the case for the 723 K transformation. Formation of the iron-rich fresh wüstite occurred to a certain extent, but the reaction was interrupted due to its insufficient driving force at 723 K. Instead, the "type II" intermediate reaction started at around 500 s, and continued until the parent wüstite became sufficiently enriched in iron to be able to transform to magnetite and metal iron. The "type I" reaction generates two new phases of magnetite and fresh wüs-tite in the scale (Eq. (2)), whereas the "type II" reaction forms only magnetite (Eq. (5)). In case the scale becomes stifled to accommodate the new fresh wüstite phase, the "type II" reaction is considered to proceed much easier than the "type I" reaction. The "type II" reaction creates only magnetite in the scale and does not need nucleation and growth of the fresh wüstite phase. Although the magnetite precipitation of the "type I and II" reactions needs some activation energy to take place, these are considered small, since the relative amount of magnetite generated by the "type I and II" reactions are calculated less than ten molepercents per respective reactions. This suggests that the influence of nucleation and growth of magnetite on the "type I and II" reactions can be limited.
At half the way of the 723 K transformation of 2 000 s, transformation of the parent wüstite to magnetite and metal iron started. Note that the parent wüstite continued to enrich iron, and the parent wüstite at this point is no longer "irondeficient", but rather iron-rich. This is expected to have facilitated the transformation of the parent wüstite to magnetite and metal iron.
At 773 K, transformation was simple and the parent wüs-tite decomposed directly to magnetite at a constant rate. Formation of the iron-rich wüstite was not indicated. No enrichment of iron was noticed for the parent wüstite throughout the transformation. For most part of the transformation, metaliron intensity remained unchanged, although wüstite transformation continued to take place. The reason for this is not clear. Metal iron, supplied by the transformation of the parent wüstite, may be supersaturated in the oxide scale, as was suggested by Gleeson et al. 13) Further study is needed to understand this point. At the final stage of the transformation of 3 000 s, metal-iron precipitation initiated.
As shown in Fig. 9 , lamellar structure and magnetite seam are evident for the scales of the 673 and 723 K transformation. At these temperatures, formation of the iron-rich wüs- tite took place whereas it did not result at 773 K. Therefore, formation of the meta-stable iron-rich wüstite seems to be a requisite for the formation of the lamellar structure and the magnetite seam in the scale. This is summarized and schematically shown in Fig. 11 .
Conclusions
This study has demonstrated that the wüstite transformation initiated right from the beginning of the isothermal heating, either by the formation of a meta-stable iron-rich fresh wüstite (673 and 723 K) or by direct transformation of the parent wüstite to magnetite (773 K). At 673 K, iron-rich fresh wüstite replaced the parent wüstite thoroughly, and then transformation of the fresh wüstite to magnetite and metal iron took place. At 723 K, formation of the fresh wüs-tite proceeded first, but the reaction was interrupted and replaced by a gradual enrichment reaction of iron in both the parent and the iron-rich wüstite phases. The latter reaction consumed the parent wüstite and generated magnetite. Transformation of wüstite to magnetite and metal iron was only possible for the iron-rich wüstite at 673 and 723 K. The parent wüstite needed to form a new iron-rich fresh wüstite phase and/or to enrich its iron concentration in order to transform to magnetite and metal iron. At 773 K, direct transformation of the iron-deficient parent wüstite to magnetite resulted.
Reaction to form the iron-rich fresh wüstite from the parent wüstite was much faster than the transformation of the iron-rich wüstite to magnetite and metal iron. Reaction to convert the iron-deficient parent wüstite to iron-rich wüstite was much easier than the wüstite transformation.
A lamellar structure of magnetite and metal iron, and the magnetite seam at the interface between the scale and the base metal, were indicated for the scales of the 673 and 723 K transformation. These structures seem to be caused by the transformation of the iron-rich wüstite. Transformation of the iron-deficient wüstite did not generate these structures. The transformation can well be interpreted from the analogy of the formation of the pearlite structure in steels.
